The fatigue behavior of the unnotched and notched silicon carbide fiber-reinforced titanium/titanium aluminide hybrid laminated composite was investigated at room temperature. The evolution of microstructural damage and its effect on stiffness and strength degradation was quantified as a function of loading cycles and applied stress levels. Fatigue crack propagation behavior and damage mechanisms in both the crack divider and crack arrester orientations were investigated. Micromechanical models coupled with computer simulation were used to predict the fatigue damage evolution, property degradation and fatigue life. Microstructural design to optimize the fatigue properties of a fiber-reinforced ductile/brittle laminated composite is also discussed.
Introduction
Continuous silicon carbide fiber-reinforced titanium alloy matrix composites have been evaluated as possible structural materials for gas turbine engines. More recently, composites based upon the ordered titaniumaluminum intermetallic alloys such as Ti 3 Al and TiAl have also been under intensive development for potential applications [1] . These intermetallic alloys have lower density and better environmental stability than typical disordered titanium alloys. However, these intermetallic alloys also suffer from inherent problems such as low ductility, poor fracture resistance and damage tolerance at ambient temperature. Therefore, efforts have been made to further improve the damage tolerance, mechanical and environmental reliability and elevated-temperature properties of the titanium based composites to meet the design requirements. Recently, the hybridization of titanium alloys and titanium aluminide intermetallic alloys has been demonstrated as a viable approach to tailor the properties of the composites [2] . The hybrid laminated composite is expected to be used at higher temperatures compared with conventional titanium matrix composites and also to have improved damage tolerance in comparison with the monolithic titanium aluminide matrix composites. Matrix hybridization has been demonstrated as an effective approach in fiber-reinforced polymer/metal matrix [3] [4] [5] and metal/metal matrix [6] [7] [8] composites for years. The objective of this study is to characterize the fatigue damage evolution and mechanical property degradation of a model SCS-6 fiber-reinforced titanium (ductile matrix)/titanium aluminide (brittle matrix) hybrid laminated composite. Micromechanical modeling coupled with computer simulation will be conducted to predict the effects of damage accumulation on property degradation and fatigue life. The effectiveness of using hybridization to tailor the fatigue properties of the composite will also be discussed.
Materials and experimental procedures
The material used in this study was a unidirectional SCS-6 fiber-reinforced Ti-6at.%Al-4at.%V (Ti-6-4) and Ti-25at.%Al-10at.%Nb-3at.%V-1at.%Mo (Ti-25-10) hybrid composite. The Ti-6-4 alloy has an h+ i structure, while the Ti-25-10 alloy has an h 2 (Ti 3 Al)+i structure. The properties of the constituents and the Table 1 . The Ti-25-10 laminae and the SCS-6/Ti-6-4 laminae stacked in the sequence of Ti-25-10/SCS-6/Ti-6-4/Ti-25-10 (totally: five layers of SCS-6/Ti-6-4 and six layers of Ti-25-10) was consolidated by hot isostatic pressing (HIPing). The resulting thickness of the composite is 3.07 mm and the volume fractions of the SCS-6 fiber, Ti-25-10 and Ti-6-4 were measured to be 20, 35 and 45%, respectively. Fatigue testing was performed by using straight-edged specimens with dimensions of 76.2×6.35 mm (length× width). Each specimen was epoxy bonded, with metallic end tabs on both ends, to prevent damage from gripping. All the fatigue testing was performed at room temperature in a load-controlled sine-wave mode with a stress ratio, R=0.1, and frequency, f = 10 Hz. For the low cycle fatigue tests, unnotched samples, with both of the edges polished using 1 mm diamond paste, were used. Also, a clip-on extensometer with a gauge length of 12.7 mm was attached to one side of the sample with rubber bands to measure the corresponding strain during testing. Moreover, for the fatigue crack propagation tests, samples with chevron notches in the crack divider orientation and single edge notch in the crack arrester orientation, as shown in Fig. 1 , were used. The notches are perpendicular to the fiber axis and the range of applied stress intensity factors, DK, were calculated using [9] 
where a is the crack length, W is equal to 6.35 mm, if in the crack divider orientation, or 3.07 mm, if in the crack arrester orientation, and | max and | min are the maximum and minimum applied stresses, respectively. Matrix crack length was measured by using a surface replication technique under an optical microscope. Some of the fatigue tests were interrupted and the samples were pulled to fracture quasi-statically in order to measure the post-fatigued tensile strength. Also, fractographic analysis was performed by using a scanning electron microscope (SEM). For comparison, the crack growth behavior and the matrix crack growth rates of the unnotched SCS-6/Ti-6-4 (V f =35%) and SCS-6/Ti-25-10 (V f = 35%) were also investigated at | max = 500 MPa.
Results

Low cycle fatigue beha6ior of the unnotched composites
The S-N curve of the unnotched SCS-6/Ti-6-4/Ti-25-10 hybrid laminated composite is shown in Fig. 2 , stiffness reduction followed by a rapid stiffness reduction regime. The rapid stiffness reduction occurred when the matrix crack was initiated at N= 2.5×10 5 cycles. There is no saturation region in the stiffness reduction curve as typically found in the SCS-6/Ti-15-3 and SCS-6/Ti-22-23 composites under comparative applied stress levels [10, 11] . Also, on the semi-log plot, the total crack length is found to increase linearly with the fatigue cycles, suggesting that the total crack length follows some sort of power law with the fatigue cycles. Microstructural observation also confirms that fiber bridging was the prevailing damage mechanism [12] . Therefore, it is evident that matrix cracking is the primary cause for the stiffness reduction during fatigue loading. The average quasi-steady-state crack growth rates, final residual stiffness, average matrix crack spacing (S), range of interfacial debonding length (S d ) and fatigue lives for tests performed at both 500 and 600 MPa are all listed in Table 2 . It was found that the where data for applied stresses above 600 MPa is reported by Jeng et al. [2] . It is found that for the unnotched samples, matrix cracks always grow in the crack divider orientation. Typically, within the low applied stress range (400 MPaB | max B600 MPa), multiple matrix cracks are initiated from the ruptured fibers near the sample edges or the cracked fiber/matrix interfacial reaction layer near the specimen edge, and then propagate perpendicular to the fibers. Fiber bridging and limited fiber/matrix interfacial debonding are prevailing in the wake of the matrix crack tips. The fracture of the composite is found to be due to matrix cracking in conjunction with progressive fiber breakage in the wake of crack tips. Furthermore, the fatigue-induced fracture surface is flat, with minimal fiber pullout, indicating that most of the fiber fracture occurred along the same cracking plane. A close examination of the ruptured matrix revealed that there are two distinct regions: a fatigue induced brittle fracture region and an overloading induced ductile fracture region. In the overload region, quasi-ductile tearing was found in the Ti-25-10 layer, while the Ti-6-4 layer exhibited classical dimple structure, as shown in Fig. 3(a) . SEM observations showed that the fatigue crack front (indicated by the star curve) of this composite was periodically wavy, as shown in Fig. 3(b) . The leading crack front was always found in the brittle Ti-25-10 layer, while the lagged crack front was usually located on the centerline of fiber array. Also, the amplitude of the wavy crack front was : 200 mm. It clearly indicates that the presence of the SCS-6/Ti-6-4 layers can effectively retard the rapid crack growth in the brittle Ti-25-10 layers. Fig. 4(a) shows the stiffness reduction curve and the total matrix crack length as a function of fatigue cycles for the hybrid composite tested at | max =500 MPa, where the total matrix crack length is the summation of matrix crack lengths within the gauge length of the extensometer. The stiffness reduction curve can be classified into two regimes: a regime with minimum crack growth rates in the hybrid composite were sensitive to the applied stresses. As a result, when the maximum applied stress was increased from 500 to 600 MPa, the crack growth rate increased by 100%. In addition, neither matrix cracking nor stiffness reduction was detected after cyclic loading of 10 6 cycles when | max was reduced to 400 MPa, indicating that the fatigue limit of this hybrid composite is around 400 MPa. Furthermore, the quasi-steady-state crack growth rates of SCS-6/Ti-6-4 and SCS-6/Ti-25-10 with V f = 35% at | max = 500 MPa were also measured. The average crack growth rates of the SCS-6/Ti-6-4 and SCS-6/Ti-25-10 composites were found to be 4.29 0.4× 10 − 9 and 15.2 9 3.5 ×10 − 9 m cycle
, respectively. Comparing the crack growth rates of the hybrid and mono-matrix composites, coupled with the damage progression path shown in Fig. 2(b) , clearly suggest that the crack growth rates in the hybrid composite are controlled by the SCS-6/Ti-6-4 layers. The post-fatigued tensile strength as a function of the normalized matrix crack length is shown in Fig. 4(b) . The tensile strength decreased significantly as the matrix crack propagated. When the normalized crack length (a/W) increased to 0.5, the tensile strength dropped to 500 MPa, which corresponds to a 56% reduction in strength.
Fatigue crack propagation beha6ior in the notched composites
The fatigue crack propagation pattern in the crack divider orientation is shown in Fig. 5(a) . It appeared that the fatigue crack propagated along the original notch plane with neither crack deflection nor crack branching as typically found in the fiber-bridging dom- fiber line fraction. The fiber line fraction, which is measured along the center line of the fiber row, is the maximum local fiber fraction that the crack tip may encounter during crack propagation. It was found that the fiber line fraction is : 40% in the crack divider orientation, while 72% in the crack arrester orientation. However, a detailed theoretical modeling to analyze the stress field at the crack tip is needed to verify the effect of fiber line fraction on crack propagation pattern. Fig.  6(b) shows the primary matrix crack length versus fatigue cycles for composites tested at | max =300 and 330 MPa. Both curves are step-like, which corresponds to crack arresting at the fiber/matrix interface in the SCS-6/Ti-6-4 layers. It was also noticed that at | max = 330 MPa, the crack-arresting steps were much less prominent than that at | max = 300 MPa. This was due to the less extent of interfacial debonding and crack branching. When the applied DK ranged from 7 to 36 MPa m 1/2 , the average crack growth rate was estimated to be 3.98×10
− 9 m cycle − 1 at | max = 330 MPa.
Modeling fatigue damage and lifting of unnotched composites
In this section, micromechanical models coupled with computer simulation will be used to predict the propagation of matrix cracks, property degradation and fatigue life of the unnotched hybrid composite of the unnotched composites. The predictions will then be correlated with experimental results reported in Section 3.1.
Prediction of matrix crack propagation rate
Based upon the previous observation, it is evident that the quasi-steady-state crack growth behavior in the hybrid composite is due to fiber bridging, which effectively reduces the crack growth rate. Although there have been numerous fiber bridging models, Cox estimates the quasi-steady-state crack growth rate without involving the fiber bridging stress by using the J-integral methodology [14] . Recently, the model has been successfully extended for predicting the quasi-steadystate crack growth rate of the SCS-6/Ti-22Al-23Nb composite by Wang et al., where the random fiber breakage occurring in the wake of crack tip is incorporated in the calculation [15] . The methodology developed by Wang et al. will be used for predicting the quasi-steady-state crack propagation rate in the hybrid composite. According to Cox's model, the applied DK of a fiber-bridged matrix crack is given as:
where inated mechanism [13] . Fiber/matrix interfacial debonding was restricted to the vicinity of matrix crack planes and in front of the matrix crack tip, while fiber breakage occurred near the matrix crack plane. The fatigue crack length in the crack divider orientation as a function of fatigue cycles at | max =150 and 195 MPa is shown in Fig. 5(b) . The applied DK values are also listed in the figure. It was found that the composites exhibited a quasi-steady-state crack propagation behavior. The quasi-steady-state crack growth rates were calculated to be 7× 10 − 10 and 3.3×10 − 9 m cycle − 1 at | max =150 and 195 MPa, respectively.
For crack propagation in the crack arrester orientation, the fatigue cracking pattern becomes interfacial decohesion dominated, as shown in Fig. 6(a) . Obviously, the fatigue cracking pattern in the crack arrester orientation is quite different from that in the crack divider orientation. Matrix cracks branching at the fiber/matrix interface was observed, while the final failure still occurred along the primary crack plane with minimal fiber pull-out. The damage pattern in the crack arrester orientation is obviously different from that in the crack divider orientation. The difference in damage progression may be due to the significant difference of
where | is the applied stress,~is the interfacial frictional stress, E f is the fiber modulus, E c is the modulus of composite calculated according to the rule of mixture, E m is the matrix modulus, w m is the Poisson's ratio of matrix, r is fiber radius, V f is fiber volume fraction, R is stress ratio, i is the bridging stiffness, Du is the range of crack opening displacement and h= 1/2 is usually used for sliding fibers. Once the DK tip is calculated, the matrix crack propagation rate can then be calculated by the Paris law, which is given as:
where B and n are the Paris parameter and exponent of the matrix, respectively. As reported in the experimental observation, the crack growth rate in the crack divider orientation is controlled by the SCS-6/Ti-6-4 layers due to fiber bridging. Also, the fiber volume fraction of the SCS-6/Ti-6-4 layers in the hybrid composite was measured to be : 31%, while the overall fiber volume fraction is 20%. Therefore, the crack growth rate in the hybrid composite is essentially determined by the crack growth rate in the SCS-6/Ti-6-4 layers with V f =31%. When predicting the crack growth rate of the hybrid composite, the equivalent stress in the SCS-6/Ti-6-4 mono-matrix composite needs to be estimated. First using the rule of mixture and then by substituting all the required constants into Eq. (3) through Eq. (7). The matrix crack growth rates of the hybrid composite at | max =600 and 500 MPa were found to be 14.1 ×10 − 9 and 6.2 ×10
, respectively. The calculated results agree quite well with the experimental data listed in Table 2 .
Simulation of fatigue life
To simulate the fatigue life of the hybrid composite, an integrated computer code was developed as shown in Fig. 7 . In the simulation, since the fatigue fracture surface of the hybrid composite is flat, with minimal fiber pull-out, the progressive fiber breakage is assumed to occur on one matrix crack plane. Also, fiber strengths simulated by a random number generator according to Weibull distribution are assigned to each composite column in the composite. As the matrix crack propagates, fibers in the crack wake region bear the maximum stress (|/V f ). If the fiber stress exceeds any fiber strength, fiber fracture occurs. Also, the broken fiber can no longer carry any load on the matrix crack plane. For simplicity, this load is assumed to be evenly shared by the remaining matrix and surviving fibers. As fatigue damage evolves under cyclic loading, the load carrying capacity of the composite also continues to degrade, where the load capacity of the composite is the summation of the load carrying capacity of both the remaining matrix and surviving fibers. When the applied load exceeds the residual load carrying capacity of the composite, the composite fails catastrophically and fatigue life is determined. Fig. 8 shows the simulated S-N curves and experimental results where each predicted data in the plot is the average of ten simulations. All the simulations are based on the after-consolidated fiber strength ranging from | 0 = 3000 MPa, m= 6 to | 0 = 4000 MPa, m=9 [16] [17] [18] . Generally, the predictions agree with the experimental results quite well. However, it is noticed that for the applied stress levels below 750 MPa, simulation based on | 0 = 3000-3500 MPa yields the best fit. 
Simulation of residual stiffness degradation
To predict the progressive stiffness degradation during fatigue, the matrix cracking pattern was idealized as a set of parallel cracks each of length a, interfacial debonding length, S d , and spaced S apart, Fig. 9 . The residual stiffness of the cracked composite, (E c ) R , can be predicted by using the rule of mixtures, which is given as:
where C 1 is the area fraction of the cracked region, C 2 is the area fraction of the undamaged region, E 1 is the residual stiffness of the cracked region and E c is the stiffness of the composite. Also, C 1 and C 2 are given as:
where w is the width of the specimen and t is the thickness of the specimen. Furthermore, E 1 can be obtained by using the shear-lag model [19] :
By substituting the required material properties listed in Table 1 and the experimentally determined damage parameters listed in Table 2 into the above equations, the evolution of residual stiffness of the composite is estimated. Fig. 10 shows the experimental and predicted residual stiffness as a function of fatigue life fraction for | max = 500 and 600 MPa, respectively. Evidently, the experimental and predicted results agree quite well.
Discussion and concluding remarks
The experimental and theoretical results obtained from this work clearly demonstrate that the crack growth rate of the SCS-6/Ti-6-4/Ti-25-10 hybrid composite with an overall V f = 20% is comparable with that of a SCS-6/Ti-6-4 composite with V f = 31%. The improvement in fatigue behavior is due to its unique microstructural design in the hybrid ductile/brittle composite where the SCS-6 fiber is surrounded by the ductile Ti-6-4 alloy instead of the more brittle Ti-25-10 alloy. The ductile layer can serve as the compliant layer to suppress the initiation and propagation of residual stress induced cracking near the interface during composite manufacturing and thermal cycling. And the presence of titanium aluminide matrix layer provides Fig. 9 . The schematic of idealized matrix cracking pattern [15] . superior strength retention at high temperatures as well as improved environmental stability with respect to conventional titanium alloys. Therefore, matrix hybridization provides an effective approach for tailoring the fatigue properties of the fiber-reinforced titaniumbased composites. Furthermore, the mechanical behavior of a composite with a ductile/brittle hybrid matrix can be tailored by controlling several microstructural parameters. These include fiber volume fraction, thickness of the ductile and brittle layers, fiber/matrix interfacial properties and laminate stacking sequence. A parametric study using the methodology developed in previous sections has been conducted to illustrate the variation of these parameters on fatigue behavior. The effects of varying fiber volume fraction on the crack growth rate and fatigue life of a SCS-6/Ti-6-4/Ti-25-10 hybrid laminated composite are shown in Fig. 11 . It is found that the crack growth rate is suppressed significantly (25.7× 10 − 9 versus 1.1× 10 − 9 m cycle − 1 at | max = 600 MPa) when the overall V f is increased from 15 to 30% (which corresponds to 23 to 48% in the SCS-6/Ti-6-4 mono-layer). The fatigue limit is also improved substantially. The results clearly demonstrate the effect of varying the fiber volume fraction on the fatigue behavior of a hybrid composite. Furthermore, the micromechanical models and computer simulation developed in this work can be used to tailor the microstructure and properties of a ductile/brittle hybrid laminated composite. 
